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Ultrafast plasmonics of novel materials has emerged as a promising field of nanophotonics bringing
new concepts for advanced optical applications. Ultrafast electronic photoexcitation of a diamond
surface and subsequent surface plasmon-polaritons (SPPs) excitation are studied both theoretically
and experimentally - for the first time. After photoexcitation on the rising edge of the pulse, transient
surface metallization was found to occur for laser intensity near 18 TW/cm2 due to enhancement
of the impact ionization rate; in this regime, the dielectric constant of the photoexcited diamond
becomes negative in the trailing edge of the pulse thereby increasing the efficacy with which surface
roughness leads to inhomogeneous energy absorption at the SPP wave-vector. These transient SPP
waves imprint permanent fine and coarse surface ripples oriented perpendicularly to the laser polar-
ization. The theoretical modeling is supported by the experiments on the generation of laser-induced
periodic surface structure on diamond surface with normally incident 515-nm, 200-fs laser pulses.
Sub-wavelength (Λ ≈ 100 nm) and near wavelength (Λ ≈ 450 nm) surface ripples oriented perpen-
dicularly to the laser polarization emerged within the ablative craters with the increased number
of laser shots; the spatial periods of the surface ripples decreased moderately with the increasing
exposure. The comparison between experimental data and theoretical predictions demonstrates the
role of transient changes of the dielectric permittivity of diamond during the initial stage of periodic
surface ripple formation upon irradiation with ultrashort laser pulses.
I. INTRODUCTION
Diamond is a material, exhibiting unique mechanical,
thermal and electrical properties, as well as high electron
and hole mobility1, promoting its high performance in
microelectronic devices. At the same time, diamond is
a basic ingredient in modern nanophotonics2,3. Due to
its high refractive index in UV-VIS range, it is prospec-
tive material for all-dielectric4 and even hybrid metal-
dielectric nano-photonic devices and circuits5–7. More-
over, despite its dielectric character, similarly to silicon
it can be promptly turned by intense ultrashort laser
pulses into short-lived plasmonic state, becoming so-
called ”virtual plasmonic material”, supporting photoex-
citation and propagation of surface plasmon-polaritons
(SPPs)8–10, for potential applications in ultrafast opti-
cal switching, spatial phase modulation and saturable
absorption8,11–14. Meanwhile, experimental ultrafast
SPP photoexcitation on diamond surfaces was not real-
ized yet, even though their potential imprinting in surface
relief in the form of polarization-dependent laser-induced
periodical surface structures (LIPSS, surface ripples) was
numerously evidenced15–17. Such experimental studies
were devoted to the design and fabrication of bio-sensors,
employing the biocompatibility of the material, by ab-
lative surface nanostructuring of its surface with high-
intensity femtosecond (fs) laser pulses, assuring precise
delivery of energy, while precluding collateral thermal ef-
fects. In the case of diamond, ultimate LIPSS periods of
100–125 nm on diamond-like carbon for 800-nm fs-laser
pulses15, or even 50-100 nm on thin diamond films for
248-nm fs-laser pulses16 (down to 30–40 nm on diamond-
like carbon after irradiation with 266-nm femtosecond
pulses)17,18 were reported, empirically scaling as the nor-
malized laser wavelength λ/2n (n is the refractive index
of diamond), similarly to other dielectrics19,20. However,
despite some previous attempts15,21,22, the underlying
photoexcitation of diamond surface and SPP waves still
remain unexplained.
Generally, spatial LIPSS periods Λ are known to
depend on the laser wavelength λ and the polariza-
tion of the laser electric field e and the number of
laser pulses23–27,29–31. The surface ripple period can be
slightly less than λ, succeeding the in-plane weak interfer-
ence of the incident transverse fs-laser wave and almost
transverse surface polaritons10. These surface electro-
magnetic modes, residing along the light cone line on
dispersion curves for the metallic or strongly photoex-
cited dielectric surface with its dielectric permittivity
εm and its intact dielectric with its dielectric permittiv-
ity εd are photoexcited by the fs-laser pump pulse via
its scattering on permanent or laser-induced (e.g., phase
transition from diamond to glassy or diamond-like car-
bon phase) cumulative surface relief roughness27,29–31,
or prompt laser-induced ”optical roughness”32, if the
condition ℜe[εm] ≪ ℜe[εd] is fulfilled26,33. Meanwhile,
in the corresponding spectrally-narrow surface plasmon
resonance, occurring for the photoexcited surface at
ℜe[εm] = −ℜe[εd], the short-wavelength, longitudinal
surface plasmons can similarly interfere with the inci-
2dent wave or among themselves (for counter-propagating
quasi-monochromatic surface plasmons), inducing sur-
face ripples with periods much lower than λ ( λ/2, λ/6,
..)26,34–36. Importantly, in the former case, the surface
polariton-mediated, near-wavelength ripples are always
oriented perpendicularly to e (their wavevector κ||e),
while the fine nanoripples can be oriented in both ways,
depending which – red or blue – shoulder of the surface
plasmon resonance is involved37. Laser exposure (the
number of incident pulses per spot, N) is known to in-
fluence LIPSS (both ripples and nanoripples36) to much
less extent, inducing about 30% reduction in their pe-
riods versus exposures, increasing to N ∼ 102-10329–31.
Other effects – angle of incidence/laser polarization38,
intact dielectric39–41 indicate some emerging possibilities
in reduction of LIPSS periods, but should be explored in
details yet. Meanwhile, nanoscale hydrodynamics insta-
bilities of laser-induced surface melt were also considered
and explored as an alternative to the diverse electromag-
netic approaches28,42,43.
Since the prompt dielectric permittivity of the pho-
toexcited surface appears to be crucial for excita-
tion either near-wavelength surface polaritons, or sub-
wavelength surface plasmons, prompt photoexcitation
(photoionization) of diamond, directly affecting its di-
electric permittivity, should be explored in details.
There are numerous semi-empirical approaches to explain
LIPSS formation e.g.24,44–47, corroborating the experi-
mental evidence, but no genuine microscopic approach
is invoked so far. The basic physical processes involve
excitation of electron-hole pairs, often parameterized by
Keldysh approximate formulas. Photoionization may
produce highly energetic electrons that collisionally ion-
ize the valence band and produce more electrons in the
conduction band. The multiplication of carriers may
cause optical breakdown of bulk diamond. The collective
response of charge carriers screens out the laser electric
field inside the bulk when the number density is suffi-
ciently large. At some instant of time the bulk dielec-
tric function may become negative at the laser wave-
length, allowing excitation of SPP at the rough surface
and LIPSS formation via the optical interference mech-
anism. The dielectric properties of the laser-irradiated
material in most cases are parameterized with Drude
model19,29,35,48–50, which combines the ground state re-
sponse with the laser-induced free-carrier response. This
model usually requires three free parameters – the num-
ber density of electron-hole pairs, the free-carrier effective
mass and the Drude damping time, which are adjusted
to fit experimental data. Ref.51,52 proposed more elabo-
rate model for the optical dielectric function, which im-
plements state- and band-filling effects, renormalization
of the band structure and free-carrier response. The di-
electric function of laser-excited silicon was studied from
first principles using the time-dependent density func-
tional theory (TDDFT)53. A distinguishing feature in
the linear response of the photoexcited silicon is a plas-
mon peak with large Drude damping time as short as
τe ∼ 1 fs, despite the neglect of collisional effects in the
TDDFT simulation. The real part of dielectric function
was well fitted by a Drude free-carrier response showing
that ℜe[εm] is sensitive to the total number density of
excited electrons and not to the detailed distribution of
electron-hole pairs, while sensitivity to the nonequilib-
rium distribution of the phototexcited carriers manifests
in the imaginary part of the dielectric constant. Subse-
quently, TDDFT was applied to study ablation of silica
subjected to ultrashort laser pulses54. The comparison
between the estimated surface ablation threshold and the
experimental data suggests a non-thermal mechanism in
the laser ablation of silica by fs-laser pulses, furthermore
theoretical ablative crater depths agree with the mea-
sured ones. The drawback of this approach is its limi-
tation to very short laser-matter interaction timescales
(less than 10 fs).
In the present paper, we present theoretical and exper-
imental results for the laser ablation and LIPSS forma-
tion on diamond surfaces subjected to normally incident
515-nm, 200-fs laser pulses. Our theoretical modeling of
LIPSS formation on diamond surfaces is based on numer-
ical solution of the time-dependent Schro¨dinger equation
(TDSE) in bulk diamond subjected to a single intense
laser pulse. The theory describes the electron dynam-
ics quantum mechanically in the single-active-electron
approximation. Collisional de-excitation of the pho-
toexcited carriers and subsequent impact ionization are
treated within rate equation approach and an optical
breakdown threshold is derived. Due to the contribution
of the impact ionization the real part of the bulk dielec-
tric constant of the irradiated diamond becomes nega-
tive in the trailing edge of the pulse resulting in plasma
that is opaque to the incident radiation. The inhomo-
geneous energy deposition in the surface was modeled
with the Sipe-Drude efficacy factor theory19,47 in terms
of time-dependent dielectric function of free carriers. The
applicability of this efficacy factor theory for LIPSS for-
mation in laser-irradiated dielectrics was confirmed by
numerical solutions of the Maxwell’s equations at sta-
tistically rough surfaces55. The paper is organized as
follows. In Sec. II we present the theoretical approach
to describe LIPSS formation on diamond surfaces. Sec.
III presents results for the ablative craters that were ex-
perimentally produced on the surface of monocrystalline
diamond by multiple femtosecond laser pulses and the
subsequent emergence of fine and coarse surface ripples
with the increasing number of laser shots. The thresh-
olds for surface ablation and nano-structuring of diamond
and their dependence on the superimposed pulse number
are obtained. The experimental data for the observed
surface ripple periods is consistently interpreted within
the Sipe theory based on free-carrier Drude response of
the laser-excited diamond. Sec. IV contains our main
conclusions.
3II. THEORETICAL APPROACH
A. Inhomogeneous energy deposition
In order to model theoretically LIPSS formation in
femtosecond-laser-excited diamond, we apply the ab ini-
tio theory developed by Sipe24. In this picture, the
laser beam is incident on a rough surface, the (perma-
nent or laser-induced) roughness is assumed to be con-
fined within a surface region (selvedge) of thickness l
much smaller than the laser wavelength λ. The optically-
induced polarization in the selvedge generates surface-
scattered waves that interfere with the refracted laser
beam leading to inhomogeneous energy deposition into
the surface. The inhomogeneous energy absorption can
be described by the function
A(κ) ∼ |b(κ)|η(κ;κi), (1)
where κi is the component of the laser propagation wave
vector parallel to the surface, b(κ) is a measure of surface
roughness at wave-vector κ = (κx, κy) and η(κ;κi) is an
efficacy factor describing the contribution to the energy
absorption at the LIPSS wave vector κ. The prediction
of Eq.1 is valid if the selvedge thickness is small compared
to the LIPSS period, i.e. κl≪ 1 should be satisfied. The
efficacy factor essentially incorporates the modification of
the surface morphology and the variation of the dielectric
constant ε of the photoexcited diamond. For normally
incident s-polarized laser pulse with κi = 0, the efficacy
factor (as a function of the normalized wave-number κ =
λ/Λ) can be written as η(κ) = 4π|ℜe[ν(κ)]| with
ν(κ) =
[
hss(κ)
(κy
κ
)2
+ hκκ(κ)
(κx
κ
)2]
γt|ts|2, (2)
where the response functions hss and hκκ
hss(κ) = 2i
κκm
κv + κm
, hκκ(κ) = 2
κvκm
εκv + κm
, (3)
are given in terms of the transient bulk dielectric func-
tion ε(ω; t) (cf. Sec. Optical properties), κv =
√
κ2 − 1
and κm =
√
κ2 − ε, the Fresnel transmission coef-
ficient ts = 2/(1 +
√
ε− 1) in the absence of the
selvedge, the effective transverse susceptibility function
γt = (ε − 1)/4π {ε− (1− f)(ε− 1)[h(s)−RhI(s)]}, the
surface roughness characterized by shape s and filling f
factors, R = (ε − 1)/(ε + 1) and the shape functions
h(s) =
√
s2 + 1 − s, hI(s) = (
√
s2 + 4 + s)/2 − √s2 + 1.
When ℜe[ε] < 0, the response function hss exhibits small
kinks near the light line κ ≈ 1, in contrast hκκ exhibits
sharp resonance structure due to the excitation of sur-
face plasmons and diverges at the (complex) SPP wave-
number κSPP =
√
ε/(1 + ε).
B. Photoexcitation
Photoexcitation and the dielectric response of laser-
irradiated diamond are treated in independent parti-
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FIG. 1. Band structure of bulk diamond along the ∆-line.
The momentum is measured in units of 2pi/a0, where a0 =
3.57A˚ is the bulk lattice constant.
cle approximation based on the 3D TDSE. In a long-
wavelength approximation the light pulse is represented
by a spatially uniform time-dependent electric field and
velocity gauge is used throughout the calculations56. The
static bulk band structure is represented by the lowest 4
valence bands and 16 unoccupied conduction bands. The
Brillouin zone was sampled by a Monte Carlo method us-
ing 2000 randomly generated k-points. The time step for
integration of the equations of motion was δt = 0.03 a.u.
The static band structure along the ∆-line is shown
in Fig.1. Carrier excitation occurs through the direct
gap at the Γ point, however excitation into higher lying
conduction bands is also a relevant process for the con-
sidered laser intensity range I∈[1,50] TW/cm2. During
the irradiation of the diamond surface with pulsed 200
fs-laser, the total number of electrons generated into the
conduction band is given by a Brillouin zone integral
ρe(t) =
∑
ǫn>0
∫
BZ
d3k
4π3
fnk(t), (4)
where fnk is the occupation number of the n-th conduc-
tion band and k is the crystal momentum. The electronic
excitation energy per unit cell is given by
Eex(t) =
∑
ǫn<0
∫
BZ
d3k
4π3
〈ψnk(t)|i∂t|ψnk(t)〉 − E0, (5)
where ψnk(t) are the time-evolved Bloch orbitals of va-
lence electrons and E0 is the ground-state energy. The
time evolution of the free-electron density is shown in Fig.
2a, for linearly polarized electric field along the (1,1,1)
direction with intensity 30 TW/cm2. Carrier generation
occurs efficiently prior to the peak of the pulse. Transient
charge density oscillations following the laser period are
due to quiver motion of free electrons in the electric field.
An electron-hole plasma (EHP) with number density ex-
ceeding 1021cm−3 is established shortly after the peak
intensity. The cycle-averaged photoelectron yield, shown
in Fig. 2b, is a slowly varying function of time. Car-
rier generation on the rising edge of the pulse competes
with recombination on the trailing edge of the pulse to
4lo
g
1
0
[c
m
]
r
 
-3
20
21
22
time [fs]
18
19
20
21
time [fs]
lo
g
1
0
[c
m
]
r
 
-3
200                400                 600                 800 200                400                 600                 800
lo
g
1
0
[c
m
]
r
 
-3
20
21
22
time [fs]
200       300       400      500       600      700       800
(a) (b) ( )с
FIG. 2. Time evolution of the free-electron density in di-
amond irradiated by 200fs laser pulse with intensity 30
TW/cm2, linearly polarized along the (1,1,1) direction. The
red curve shows the cycle-averaged electron density and the
blue curve is the electron density. (b) The cycle-averaged
carrier densities for intensity I=30, 40 and 50 TW/cm2 are
shown by the dashed-dotted, dashed and solid lines, respec-
tively. The position of the pulse peak is indicated by the
vertical dashed line and Fig. (c) presents the number den-
sity of non-adiabatically excited carriers for intensity I=30,
40 and 50 TW/cm2
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FIG. 3. (a) Instantaneous excitation energy of electrons
interacting with 200fs laser pulse with intensity 30 TW/cm2
(linearly polarized along the (1,1,1) direction), the green curve
shows the cycle-averaged electronic excitation energy. (b) The
cycle-averaged excitation energy for laser intensity I=30, 40
and 50 TW/cm2 is shown by the dashed-dotted, dashed and
solid lines, respectively. The position of the pulse peak is
indicated by the vertical dashed line.
determine the final photoionization yield. Recombina-
tion of carriers becomes unlikely with the increased laser
intensity, cf. also Fig. 2b. The cycle averaged electron
yield includes contributions due to creation of real as well
as virtual electron-hole pairs. Since adiabatic evolution
does not produce any real excitation of the crystal, the
carrier density should be calculated with respect to adia-
batically evolved ground state orbitals that are obtained
from the static Bloch orbitals with shifted crystal mo-
mentum k(t) = k+A(t), i.e. ρ(t) = ρe(t)−ρad(t), where
the adiabatic density is
ρad(t) =
∑
ǫn<0
∫
BZ
d3k
4π3
|〈unk|unk(t)〉|2, (6)
and {|unk〉} are the lattice-periodic Bloch states. The
number density of photoexcited carriers is shown in Fig.
2c. It can be seen that discarding contributions of virtu-
ally excited electron-hole pairs leads to reduction in the
number density by an order magnitude near the peak of
the pulse.
The electronic excitation energy is shown in Fig. 3(a)
for laser intensity 30 TW/cm2. The temporal variation
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FIG. 4. Density of conduction states after the irradiation of
bulk diamond with 200fs laser pulse. The energy is measured
relative to the conduction band minimum. The laser intensity
is I =10, 20 and 30 TW/cm2in Fig. (a-c), respectively. The
vertical dashed line in Fig.a indicates the threshold for impact
ionization
of the cycle-averaged energy gain follows closely the enve-
lope of the laser pulse during the first half of the driving
pulse and reaches 1.5 eV/atom at the peak of the pulse
that is small as compared to the cohesive energy of dia-
mond 7.37 eV/atom. After the pulse peak, electron-hole
pairs recombine by transferring part of their energy back
to the radiation field. Energy exchange is not completely
reversible since the time delay in restoration of equilib-
rium gives rise to a net energy gain of 0.5 eV per carbon
atom after the end of the pulse. The deposited energy
increases steadily with the increase of the intensity, i.e.
for I=50 TW/cm2, it reaches 2 eV/atom. Since this ex-
citation energy is still lower than the diamond cohesive
energy, Fig. 3(b) shows that ablation threshold is not
reached up to I=50 TW/cm2.
C. Impact ionization and optical breakdown
threshold
For the 200fs pulse duration and intensities lower than
50 TW/cm2 the electron density produced by photoion-
ization is below the critical one. That suggests that im-
pact ionization is the relevant process that determines the
optical breakdown threshold. In Fig.4 (a-c) we plot the
density of conduction states after the end of the pulse. It
is seen that the laser has created electron-hole pairs with
well-defined energies. This non-thermal distribution re-
laxes towards the equilibrium Fermi-Dirac distribution
on a time scale ranging over few tens of a femtoseconds
to a picosecond57,58 without changing the electron num-
ber density. Photoelectrons are excited into the lowest
conduction band across the direct gap (with energies 2
eV above the conduction band minimum) and substan-
tial fraction of carriers occupy higher lying conduction
bands with energy above threshold for impact ionization
(specified by the indirect gap 5.4 eV). These highly ener-
getic electrons may collisionally de-excite to lower energy
states and their excess energy is spent to promote valence
electrons into the conduction band.
We further assume that the time evolution of the elec-
tron density is governed by a rate equation59,60
dρ
dt
= G(t) −R(t) + wimp(I)ρ (7)
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FIG. 5. Fig. (a) Time-dependent rates including carrier gen-
eration (positive part) and laser-induced recombination (neg-
ative part). The laser intensity is 10 TW/cm2(dotted), 20
TW/cm2 (dashed) and 30 TW/cm2 (solid line). Fig.(b) shows
the intensity-dependent impact ionization rate.
including carrier generation G(t) and recombination R(t)
rates supplemented by an intensity-dependent impact
ionization rate wimp obtained as a weighted-average of
the field-free ionization rate
wimp(I) =
∫
∞
ǫi
dǫρ(ǫ; I)Pimp(ǫ)∫
∞
0
dǫρ(ǫ; I)
(8)
here ρ(ǫ; I) is the density of conduction states after the
end of the pulse (cf. Fig.4a-c),
ρ(ǫ; I) =
∑
ǫn>0
∫
BZ
d3k
4π3
fnk(I)δ(ǫ − ǫnk), (9)
Pimp(ǫ) = P0(ǫ − ǫi)4.5 is the energy-dependent impact
ionization rate for diamond, ǫi is the threshold for impact
ionization (5.42 eV) and P0 = 3.8× 1010s−1eV −4.561.
In contrast to the standard perturbative result based
on Keldysh theory valid for monochromatic laser radi-
ation the calculated carrier generation and recombina-
tion rates shown in Fig.5a do not follow the temporal
profile of the laser pulse. This result suggests that the
pulse shape and pulse duration are relevant control pa-
rameters for non-adiabatic electron dynamics in the laser
irradiated diamond. The key features are generation of
dense plasma 50fs prior to the pulse peak and subsequent
laser-induced recombination of electron-hole pairs in the
trailing edge of the pulse.
Fig.5b shows the impact ionization rate that depends
in highly non-linear way on the laser intensity. This non-
linear and non-monotonic intensity-dependence reflects
the population of higher-lying conduction bands (cf. also
Fig.4). It is seen that the impact ionization rate reaches
few tens of inverse picosecond for I > 15 TW/cm2. In
Fig.6 we plot the EHP density with and without the im-
pact ionization term. This comparison demonstrates that
photoionization produces the seed electrons needed for
the impact ionization on the rising edge of the pulse and
then the conduction electron density grows exponentially
after the pulse peak resulting in dense plasma (with den-
sity 1022 cm−3) 50fs after the peak of the pulse.
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FIG. 6. Conduction electron density due to photoionization
only (dashed line) and including the impact ionization (solid
line). The laser intensity is 18 TW/cm2. The vertical dotted
line indicates the position of the pulse peak.
D. Optical properties
Since the absorption of the femtosecond laser pulses in
diamond results in the generation of nearly free electrons
in the conduction band on timescales smaller than the
electron-phonon relaxation time62, we describe the linear
response of the photoexcited diamond by a free-carrier
Drude response19 using of time-dependent plasmon-pole-
approximation for the density-density correlation func-
tion of the Coulombically interacting electron gas63
S(t, t′) = −θ(t− t′)ω3/2p (t′)ω−1/2p (t) sin
∫ t
t′
dτωp(τ),
(10)
where θ(t) is the Heaviside step function, ωp(t) =(
ρ(t)
ε0me
)1/2
is the bulk plasma frequency, ε0 and me are
the vacuum permittivity constant and the free-electron
mass, respectively. In long wavelength approximation the
spatial dispersion of the bulk plasmon is neglected. The
Fourier transformation of the correlation function is the
transient frequency dependent inverse dielectric function
of the free-electron plasma
ε−1(ω; t) = 1 +
t∫
−∞
dt′ei(ω+iδ)(t−t
′)S(t, t′), (11)
where δ = 1/τe is a free-carrier polarization dephasing
rate, which we shall treat as a free parameter. If the
time delay in the build up of screening in the optically
excited plasma can be neglected, the classical Drude di-
electric function is recovered ε−1(ω; t) = ω2/(ω2−ω2p(t))
with parametric time dependence of the bulk plasma fre-
quency.
In Fig.7a-c, we plot the real and imaginary parts of the
dielectric function for laser intensity 18 TW/cm2. The
screening charge density accumulates during the first half
of the pulse (t < 0). Over that time interval the laser
frequency is above the plasma frequency and the dia-
mond surface remains transparent to the incident radi-
ation. The frequency dependent dielectric function dis-
plays oscillations in the spectral range below the laser
60 1 2 3 4
-10
-5
0
5
 
 
 
  [eV]
(b)
0 1 2 3 4
-6
-3
0
3
6
 
 
 [eV]
(a)
L
0 1 2 3 4 5 6
-25
-20
-15
-10
-5
0
5
10
15
(c)
 
 
[eV]
FIG. 7. Frequency dependence of the real (solid line) and
imaginary part (dashed line) of the inverse dielectric function
of photoexcited carriers subjected to 200 fs laser pulse with
intensity 18 TW/cm2. The time interval is measured relative
to the peak of the pulse (t = 0). In Fig. (b) t = 50 fs, and
in Fig. (c) t = 250 fs. The photon energy is indicated by the
vertical dotted line.
frequency due to the time lag in the build up of screen-
ing. Because of the impact ionization, the laser frequency
falls off below ωp after the pulse peak (t = 25 fs) when
the plasma is reflective for the incident radiation and an
optical breakdown threshold is reached. In this regime,
the dielectric function essentially exhibits the Drude form
with time-dependent bulk plasma frequency ωp(t). For
the transiently increasing carrier density, ℜe[ε] passes
the narrow surface plasmon resonance at ℜe[ε] = −1,
with κSPP ≫ 1 and Λ/λ ≪ 1, and becomes large and
negative in the trailing edge of the pulse (t > 100 fs)
with ℑe[ε] > 0, with corresponding κSPP ≥ 1. During
this plasmonically-active phase of the laser-irradiated di-
amond the SPP-laser interference mechanism of inhomo-
geneous energy deposition is effective and leaves perma-
nent imprints on the surface morphology after the con-
clusion of the pulse.
III. COMPARISON OF THEORY AND
EXPERIMENT
A. SPP-mediated surface ripples in diamond:
generation and characterization
SPP-mediated surface ripples were produced on
a 0.5-mm thick plate of monocrystalline A-type
diamond nanostructured with the help of laser
nano/microfabrication workstation64. The sample was
arranged on a three-dimensional motorized translation
micro-stage under PC control and moved from spot to
spot to make possible ablation of its fresh spots at vari-
able number of pulses N. Single- and multi-shot ablation
of the sample was produced by 515-nm, 220-fs TEM00-
mode laser pulses weakly (NA ≈ 0.1) focused into a focal
spot with a 1/e-radius about 5.5 µm at the energy E =
3.4 µJ (the peak intensity I0 ≈ 10 TW/cm2). The re-
sulting single- and multi-shot craters were characterized
by means of a scanning electron microscope (JSM JEOL
7001F)) and a Raman microscope U-1000 (Jobin Yvon)
at the 488-nm pump laser wavelength.
Surface ablation of the crystalline diamond occur for
fs-laser intensities, exceeding the single-shot ablation
FIG. 8. SEM images of ablative craters on the diamond sur-
face for N = 1 (a), 2 (b), 30 (c), 100 (d), 300 (e) and 1000 (f)
pulses. The scale bars are somewhat different on each image.
threshold Iabl(4) ≈ 14.4 TW/cm2 (Fig.8), but for longer
exposures N ≫ 1 the threshold intensity decreases down
to Iabl(1000) ≈ 2.1 TW/cm2, following the well-known
accumulation relationship I(N) = I(4)N−α, where α =
−0.16±0.03(Fig.9). The spallative origin of the external
crater is clearly seen as the sharp crater edge in Fig.8f,
however, at higher exposures another ablation mecha-
nism – apparently, phase explosion – comes into play for
I0 ≫ Iabl(N), forming the deep central dips and destroy-
ing the intermediate LIPSS (Figs.8d-f).
The observed cumulative decrease of the surface abla-
tion threshold can be related, e.g., to the increasing col-
oration shown by SEM as darker ablated spots in Fig.8,
as well as to stress, structural damage and ablative mod-
ification of the crater surface (Fig.8a-c). In particular,
micro-Raman characterization of the craters, exhibiting
only slightly displaced D-band with low-intensity back-
ground (Fig.10), is in agreement with some previous fs-
laser nanostructuring studies on diamond surfaces16,23,
showing rather clean nanostructured surfaces. The
low-intensity ultrabroad (1100-11400 cm−1) difference
spectral band is known to yield from luminescence of
nanoscale clusters65,rather than from the pump radia-
tion, since both these spectra exhibit similar D-band in-
tensities and the pump radiation was cut in the exper-
iments in the same way. Moreover, the displaced (∆ ≈
0.1 cm−1) D-band shown by the corresponding bipolar
band in the difference Raman spectrum (Fig.10), indi-
cates the internal residual stresses ∼ 0.3 kbar, according
to the known calibration coefficient for this band ≈ 0.336
cm−1 / kbar66.
Fine and coarse surface ripples appear within the ab-
lative craters, starting from N > 3, inside the sur-
face regions limited by IFR(N) ≤ I ≤ ICR(N) and
ICR(N) ≤ I ≤ I0 (Fig.11), respectively. These thresh-
olds exhibit two different trends with the increasing ex-
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FIG. 9. N-dependent variation of ablation (ABL) and nanos-
tructuring (coarse and fine ripples, CR and FR) thresholds
with the corresponding linear fitting lines and slopes.
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FIG. 10. Raman spectra of the D-band for the reference dia-
mond spot (bottom black curve) and the 10-shot crater (top
purple curve).
posure N – monotonous decrease for IFR(N) scaling as
β = −0.12±0.04 for intensities from 8.8±0.5 to 3.14±0.5
TW/cm2 (Fig.9) and almost no variation for ICR(N)
(scaling as γ = −0.02± 0.01) for intensities in the range
from 14.8±0.5 to 14.1±0.5 TW/cm2 (Fig.9). The minor
variation of ICR(N) potentially indicates that the CR are
formed due to scattering mechanism, i.e. independent on
the surface absorption, while surface absorption is more
crucial for the formation of fine ripples.
Moreover, in comparison to fine ripples with thresh-
old IFR(N) ≥ Iabl(N), coarse ripples, having consider-
ably higher threshold ICR(N) ≫ Iabl(N), disappear in
the central crater part for N > 100 because of the pro-
nounced ablation in this region (cf. Fig.8 and Fig.11).
FIG. 11. SEM images of ablation crater edge (ABL), fine
(FR) and coarse (CR) rippled regions within the craters on
the diamond surface for N = 10 (a), 30 (b), 100 (c), and 300
(d) pulses. The scale bars are different on each image and the
bi-lateral arrow in a) shows the laser polarization.
Fig. 11 shows that considerable CR erosion is present
for N = 30 and 100.
Most importantly, the small difference between the CR
periods (≤0.45 µm, wavenumber ≥ 2.2µm−1) and the
laser wavelength λ (0.515 µm, wavenumber ≈ 1.9 µm−1)
points out that long-wavelength micron-scale (∼ 3µm)
perturbations of surface relief (permanent or cumula-
tive ones – e.g., the spallative crater edge for N ≥1) or
optical characteristics (prompt or cumulative ones)32,33
are responsible for excitation of the underlying near-
wavelength plasmon-polaritons. The corresponding FR
and CR periods decrease versus N – from 0.13± 0.03 till
0.09 ± 0.03µm and from 0.45 ± 0.04 till 0.38 ± 0.04µm
(Fig.12), respectively, in agreement with cumulative
trends known for FR and CR29–32
B. Interpretation of LIPSS as imprints of transient
SPP modes
To make possible identification and interpretation of
experimentally obtained SPP modes we plot the efficacy
factor as a function of the wave vector κ in a narrow laser
intensity range above the optical breakdown threshold in
Fig.13 a-b. The transient bulk dielectric function was
evaluated at the laser wavelength, i.e. ε(t) = ε(ωL; t).
The surface roughness was modeled as a collection of
spherically-shaped islands corresponding to standard val-
ues s = 0.4 and f = 0.1 for the shape and filling fac-
tors respectively. For normally incident light pulse, the
numerical results are weakly dependent on the specific
parameters describing surface morphology and therefore
the transient dielectric constant is the most significant
in determining the efficacy factor. Here we demonstrate
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FIG. 12. N-dependent variation of CR and FR periods.
that the main features in the inhomogeneous energy de-
position in the surface as represented by the position of
the peaks of the transient efficacy factor are in correspon-
dence with the experimentally observed LIPSS periods.
In a very narrow laser intensity range, when the laser
frequency nearly matches the surface plasma frequency
(Fig. 13a), the efficacy factor has large contribution due
to excitation of the surface plasmon resonance (SPR).
In this early stage, the spatial extension of the elec-
tromagnetic field inside the bulk associated with SPP
is determined by the SPR decay constant κm, which
at short wavelengths κm → 1/l defines a skin-depth
ls = 1/κm ∼ l leading to strong concentration of the
electromagnetic field in the thin selvedge region. SPPs
need finite time to build up to incorporate the details of
the surface relief and interfere with the laser to modify
the Fourier components of the surface roughness function
b(κ) via periodic laser ablation. In this regime the depo-
sition of laser energy into the surface plasmon wavevec-
tor causes formation of fine ripples with spatial periods
around 100 nm, as observed in the periphery of the ab-
lative craters, cf. Fig.11. The transverse-magnetic char-
acteristic of the SPP determines the orientation of the
surface ripples. At a later time, the transiently increas-
ing number of conduction electrons makes the dielectric
constant large and negative at the laser wavelength, the
intensity map of η(κ;0) shrinks and concentrates on the
outer part of the circle κ = 1 (cf. Fig 13b) which clearly
can be associated with the formation of near-wavelength
surface ripples oriented perpendicularly to the laser po-
larization. At the longer wavelengths with κ→ 0 the skin
depth ls = c/ωp ≈ 80 nm is much smaller than the laser
wavelength. Therefore, above the SPR excitation thresh-
old, the transiently increasing carrier density results in a
shift of the SPP wave number from the high spatial fre-
quency region towards the light line (also causing expan-
sion of the skin depth), and this red shift is highly sensi-
tive on the carrier density (or laser intensity), cf. Fig.14a.
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FIG. 13. 2D intensity map of the logarithm of the transient
efficacy factor of laser-irradiated diamond, as a function of the
normalized (to the laser wavelength) LIPSS wave vector com-
ponents (κx, κy), for Instantaneous bulk plasma frequency (a)
ωp(t) = 1.5ωL and (b) ωp(t) = 1.43ωL. The laser beam is lin-
early polarized along the y-axis and is normally incident to
the surface.
The surface plasmon peak in the efficacy factor is also af-
fected by the relaxation time parameter τe as shown in
Fig. 14b. If τe is decreased to 10 fs, the surface plas-
mon cusp turns into a dip, which hinders the efficient en-
ergy absorption at the surface plasmon wavevector. This
dependence suggests that the Drude carrier relaxation
time parameter influences prompt feedback mechanisms
involved in the formation of surface ripples. Indeed in
the high-frequency limit with ωLτe ≫ 1, the metalized
surface behaves as a nearly ideal inductor, while in the
low-frequency limit ωLτe ≪ 1, the resistive Ohmic losses
result in electron heating in the skin layer.
Because the efficacy factor theory does not fully ac-
count for interpulse feedback processes that are undoubt-
edly important in the detailed development of morpho-
logical features on the diamond surface our theoreti-
cal results are not directly applicable to the multipulse
phase of LIPSS formation. However the experimental
data shows that once surface ripples are formed, expo-
sure by subsequent pulses has little effect on their spa-
tial period and location, thus LIPSS formation should
be possible already for a single-pulse irradiation, pro-
vided that SPP can be excited, e.g., by surface defects67.
Once LIPSS are formed, the spectrum of the surface
roughness, b(κ) contains peaks at the SPP wavenum-
ber causing enhanced inhomogeneous energy deposition
and further growth of LIPSS as is also evidenced from
the SEM images in Fig.11a-b. Furthermore the subse-
quent pulses interact with periodically structured surface
hence a grating-assisted laser-surface coupling becomes
effective26 causing a decrease of the ripple wavelength.
The experimental data shows only minor modification
of LIPSS periods that is consistent with the hypothe-
sis in Ref.26 that because of strong thermal effect at the
crater center, the grating-assisted coupling is weak and
the ripple wavelength is unaffected by higher exposure,
i.e. depends weakly on the superimposed pulse number.
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FIG. 14. Transient variation of the efficacy factor in the direc-
tion perpendicular to the laser polarization. In Fig. (a), the
dashed-dotted line the EHP frequency ωp(t) = 1.4ωL is just
below the SPR excitation threshold, the solid line represents
resonant excitation of surface plasmons corresponding to in-
stantaneous bulk plasma frequency ωp(t) = 1.43ωL, the tran-
sient increase of the free-carrier density with ωp(t) = 1.45ωL
(dashed line) and ωp(t) = 1.47ωL (dotted line) results in red-
shift of the surface plasmon peak towards the light line and
formation of near wavelength ripples. Fig.(b) demonstrates
the dependence of the efficacy factor on the Drude damping
time τe = 100 fs (solid line) and τe = 10 fs (dashed line).
The laser beam is linearly polarized along the y-axis and is
normally incident to the surface, λ and Λ designate the laser
wavelength and the LIPSS period, respectively.
IV. CONCLUSION
The influence of prompt and cumulative optical feed-
back contributions in multi-shot fs-laser induced dynam-
ics of surface ripples was investigated theoretically and
experimentally. The numerical simulations of periodic
laser energy deposition on photo-excited diamond sur-
face based on Sipe-Drude theory provided realistic and
detailed insight into microscopic mechanisms. The model
identifies the impact ionization as a relevant process caus-
ing optical breakdown of diamond in the trailing edge
of the pulse resulting in plasmonically-active substrate
with negative bulk dielectric constant triggering the SPP-
laser interference mechanism for surface ripple formation.
Fine ripples oriented perpendicularly to the laser polar-
ization emerge for intensities in a narrow range above
the optical breakdown threshold and the transient in-
crease of the carrier density above this threshold results
in the formation of near-wavelength surface ripples. The
interpulse feedback mechanisms involved in LIPSS for-
mation are not considered by the present theory and fur-
ther work will be carried out in this direction. The ob-
tained results lay the groundwork for utilizing diamond
as a plasmonic material supporting subwavelength and
intense SPPs that is very promising for advanced optical
applications.
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